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F tt?t T> OP THE INVENTION 

The field of the present invention pertains to digital electronic computer 
systems. More particularly, the present invention relates to an apparatus for 
dynamically adjusting operating conditions of a digital electronic circuit to 
10 maintain electrical signal characteristics. 



W RACKGROUND OF THE INVENTION 

Digital computers are being used today to perform a wide variety of 
tasks. Many different areas of business, industry, government, education, 
15 entertainment, and most recently, the home, are tapping into the enormous 
and rapidly growing list of applications developed for today's increasingly 
powerful computer devices. 

As computer systems become increasingly ubiquitous and widespread, 
20 there is increasing interest in improving the performance and software 
execution speed of the computer systems. One of the methods used by 
designers to increase software execution speed is to increase the processor 
"clock speed." Clock speed refers to the rate at which digital systems (graphic 
processor units, central processor units, digital signal processors, etc.) step 



NVID P000406 



February 15,2002 



&3* 

ID 



through the individual software instructions. For example, with many 
microprocessor designs, one or more instructions are executed per clock cycle. 
Increasing the number of clock cycles per second directly increases the 
number of instructions executed per second. 

5 

Another method used by designers is to increase the density of the 
electrical components within integrated circuit dies. For example, many high- 
performance integrated circuit processors include tens of millions of transistors 
integrated into a single die (e.g., 60 million transistors or more). As density 
10 increases, the clock speeds possible within a given design also increase, for 
example, as circuit traces are packed ever more closely together. 



Another method for increasing performance is to increase the efficiency 
of heat removal from a high-density, high-performance integrated circuit. As 
15 component density increases and clock speed increases, the thermal energy 
that must be dissipated per unit area of silicon also increases. To maintain 

yj high-performance, stable operating temperature must maintained. 

Q 

^ Accordingly, the use of carefully designed heat dissipation devices (e.g., heat 

sink fans, liquid cooling, heat spreaders, etc.) with high-performance processors 
20 has become relatively standardized. 

Performance enhancing techniques, such as increased component 
density, increased clock speed, and increased heat dissipation, are carefully 
balanced in order to obtain an optimum performance level. Processor circuit 
25 density, processor clock frequency, and thermal dissipation are balanced to 
provide high-performance while maintaining some margin of safety. For 
example, if a processor is clocked at too high a frequency, excessive power 
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consumption occurs, leading to overheating of the components of the 
processor. Over heating leads to computational errors, unpredictable behavior, 
or even physical destruction of processor. As more and more functions are 
integrated into ever more densely packed semiconductor dies, the clock speed 
can be increased, however, the resulting increased switching activity leads to 
greater heat generation. These factors are balanced to provide an optimal 
performance for given device. 

There exists particular problems, however, with respect to thermal 
transients and changing thermal conditions. As described above, integrated 
circuit performance is dependent upon the temperature of the underlying 
silicon comprising the integrated circuit (e.g., electron mobility, etc.). 
Generally, for given semiconductor integrated circuit, cooler semiconductor 
temperatures yields faster performance (e.g., higher electron mobility) than 
warmer semiconductor temperatures. This effect is often evidenced in the 
"ramp rate" of the rising edges of various signals within a processor. For 
example, the rising edges of the clock signal of a cool (e.g., 20C) processor ramp 
more steeply with respect to time than the rising edges of a hot (e.g., 100C) 
processor. Performance factors (e.g., clock frequency, component density, 
thermal dissipation) are typically optimized with respect to expected steady- 
state operating conditions. This leads to problems when changing temperature 
conditions are encountered. 

One example of a thermal transient is a case where a processor (e.g., of 
a laptop computer system) is powered up from an "off state. When a 
processor is powered-up, power is applied to cold silicon, leading to exceptionally 
fast performance. In this initially powered state, the excessive ramp rates of 
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the signals can lead to jitter on the rising edges of the signals. The excessive 
electron mobility and the resulting jitter can cause an unacceptable amount of 
crosstalk between the circuit traces. This effect is even more problematic in 
more modern processor dies, having very densely packed, very highly 
integrated logic components. As component density increases, circuit traces 
become packed more closely together, and thus become more susceptible to 
crosstalk. Exceptional amounts of jitter and noise can cause excessive 
crosstalk. 

As described above, design engineers carefully balance increased 
component density, increased clock speed, and increased heat dissipation to 
obtain maximum performance. The crosstalk, jitter, and noise caused by 
changing temperature thus becomes an important performance limiting 
factor. With prior art schemes, an engineer must design in sufficient 
performance margin to account for the crosstalk and jitter caused by thermal 
transients (e.g., startup, etc.). This leads to less than the full performance 
potential of a given device being obtained. 
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SUMMARY OF THE INVENTION 

Embodiments of the present invention provided a method and system 
for dynamically controlling power supply voltage coupled to an integrated 
circuit in response to changing temperature of the integrated circuit. 
5 Embodiments of the present invention maintain a stable level of crosstalk, 
jitter, noise, and the like, across a temperature range, thereby enabling an 
optimum balance of design factors such as increased component density, 
increased clock speed, and increased heat dissipation to obtain maximum 
performance. Embodiments of the present invention reduce the performance 
^ 10 limiting effects of crosstalk, jitter, and noise caused by changing temperature. 



o 
SI 



in 



In one embodiment, the present invention is implemented as a processor 

ru 

J3 power supply voltage controller for throttling a processor's (e.g., GPU, CPU, 

ru 

e DSP, etc.) power supply voltage with respect to the processor's temperature. 

O 

ry ! 15 The controller includes a temperature sensor configured to sense a 

temperature of the processor and generate a temperature signal in accordance 
therewith. A regulator is coupled to the processor to provide a power supply 
voltage to the processor. The regulator is also coupled to receive the 
temperature signal from the temperature sensor and control the power supply 
20 voltage provided to the processor in accordance with the temperature signal to 
maintain a stable performance of the processor. The power supply voltage 
level is controlled to maintain a stable amount of crosstalk, jitter, noise, and 
other harmful effects, caused by excessive electron mobility due to the 
temperature of the semiconductor material comprising the processor. 



25 
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In one embodiment, the temperature sensor can be implemented as a 
negative temperature coefficient resistor coupled to sense the thermal 
environment of the processor (e.g., a heat sink temperature, processor die 
temperature, PCB temperature, ambient temperature in an enclosure, etc.). 
The temperature signal can be implemented by using the temperature sensor 
to control a feedback circuit coupled to the regulator. 

In this manner, embodiments of the present invention can adjust for 
thermal transients caused by, for example, the initial power up of a device. For 
example, power supply voltage can be decreased when a device is cool, thereby 
reducing the effects of crosstalk, and increased when the device is hot, thereby 
compensating for the physical properties of the hot semiconductor material. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example, and not by way 
of limitation, in the figures of the accompanying drawings and in which like 
reference numerals refer to similar elements and in which: 

Figure 1 shows general configuration of a dynamic power supply 
adjustment system in accordance with one embodiment of the present 
invention. 



|=i 10 Figure 2 shows a more detailed configuration of a dynamic power supply 

O 

Q adjustment system in accordance with one embodiment of the present 

N 

m invention. 



^ y Figure 3 shows a second detailed embodiment of a dynamic power 

nj 15 supply adjustment system in accordance with the present invention. 

m 

P Figure 4A shows a first configuration of a dynamic power supply 

RJ 

adjustment system in accordance with one embodiment of the present 
invention. 



20 



Figure 4B shows a second configuration of a dynamic power supply 
adjustment system in accordance with one embodiment of the present 
invention. 
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Figure 4C shows a third configuration of a dynamic power supply 
adjustment system in accordance with one embodiment of the present 
invention. 

Figure 4D shows a fourth configuration of a dynamic power supply 
adjustment system in accordance with one embodiment of the present 
invention. 



m 
Fy 

ru 



ha 

m 



Figure 5A shows a first graph of a signal edge of a dynamic power supply 
10 adjustment system in accordance with one embodiment of the present 
invention. 

Figure 5B shows a second graph of a signal edge of a dynamic power 
supply adjustment system in accordance with one embodiment of the present 
15 invention. 



m Figure 5C shows a third graph of a signal edge of a dynamic power 

supply adjustment system in accordance with one embodiment of the present 
invention. 



20 



Figure 6 shows a flow chart of the steps of a dynamic power supply 
adjustment process in accordance with one embodiment of the present 
invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

Reference will now be made in detail to the preferred embodiments of the 
present invention, examples of which are illustrated in the accompanying 
drawings. While the invention will be described in conjunction with the 
preferred embodiments, it will be understood that they are not intended to limit 
the invention to these embodiments. On the contrary, the invention is intended 
to cover alternatives, modifications and equivalents, which may be included 
within the spirit and scope of the invention as defined by the appended claims. 
Furthermore, in the following detailed description of embodiments of the 
present invention, numerous specific details are set forth in order to provide a 
thorough understanding of the present invention. However, it will be recognized 
by one of ordinary skill in the art that the present invention may be practiced 
without these specific details. In other instances, well-known methods, 
procedures, components, and circuits have not been described in detail as not 
to unnecessarily obscure aspects of the embodiments of the present invention. 

Embodiments of the present invention provided a method and system 
for dynamically controlling power supply voltage coupled to an integrated 
circuit in response to changing temperature of the integrated circuit. 
Embodiments of the present invention maintain a stable level of crosstalk, 
jitter, noise, and the like, across a temperature range, thereby enabling an 
optimum balance of design factors such as increased component density, 
increased clock speed, and increased heat dissipation to obtain maximum 
performance. Embodiments of the present invention reduce the performance 
limiting effects of crosstalk, jitter, and noise caused by changing temperature. 
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Embodiments of the present invention and their benefits are further described 
below. 



Figure 1 shows a system 100 in accordance with one embodiment of the 
present invention. Figure 1 depicts a basic configuration of a system for 
dynamically controlling power supply voltage coupled to an integrated circuit in 
response to changing temperature, in accordance with one embodiment of the 
present invention. As depicted in Figure 1, system 100 includes a controller 
101 coupled to provide a power supply voltage 102 to a processor 103. A 
regulator 120 and a temperature sensor 130 comprise controller 101. 

Referring still Figure 1, the controller 101 functions by controlling the 
power supply voltage 102 coupled to the processor 103. The power supply 
voltage 102 is controlled with respect to the temperature of the processor 103. 
The controller 101 includes a temperature sensor 130 configured to sense a 
temperature of the processor 103 and generate a temperature signal in 
accordance therewith. The regulator 120 functions by providing the power 
supply voltage 102 to processor 103. The regulator 120 receives temperature 
information from the temperature sensor 130 and controls the power supply 
voltage 102 provided to the processor 103 in accordance with the temperature 
sensed by the temperature sensor 130. 

In the present embodiment, the voltage level of power supply voltage 
102 is controlled to maintain a stable amount of crosstalk, jitter, noise, and 
similar harmful effects within the processor 103 (e.g., caused by excessive 
electron mobility due to the temperature of the semiconductor material 
comprising the processor 103). 
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It should be noted that processor 103 can comprise different types of 
integrated circuit devices. Examples include a graphics processing unit (GPU), 
a digital signal processor (DSP), a conventional central processing unit (CPU), 
and the like. In each of such integrated circuit devices, the level of component 
integration is typically very high (e.g., tens of millions of transistors), along 
with the clock frequency and thermal dissipation requirements. Each of such 
integrated circuit devices benefit from the stable level of crosstalk, jitter, noise, 
and the like, across a temperature range, as provided by embodiments of the 
present invention. Additional descriptions of crosstalk induced by thermal 
effects are provided in the discussions in Figures 5A-C below. 



09 Figure 2 shows a system 200 in accordance with one embodiment of the 

1 present invention. As depicted in Figure 2, system 200 shows a regulator 220 

f 15 configured to receive a temperature signal 231 from a temperature sensor 230. 

G 

ry 

% The system 200 embodiment shows the regulator 220 coupled to use a 

fj first power supply, regulator power 215, to generate a dynamically adjustable 

power supply, power 202, coupled to a processor 203. The regulator 220 and 
20 the processor 203 are coupled to a common ground 110, and the power supply 
202 is generated with respect to the ground 110. The temperature sensor 230 
functions by sensing the temperature of the processor 203 and transmitting a 
temperature signal 231 to the regulator 220 in accordance therewith. In 
response to the temperature signal 231, the regulator 220 uses the regular 
25 power 215 to generate the processor power 202. As described above, the 
power 202 is dynamically adjusted by the regulator 220 in accordance with 
changing temperature conditions of the processor 203. The power 202 is 
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adjusted to maintain a stable level of crosstalk, jitter, noise, and the like, as the 
temperature conditions of the processor 203 change. 

Figure 3 shows a system 300 and accordance with one embodiment of 
the present invention. As depicted in Figure 3, system 300 shows a 
temperature signal 331 coupled to a regulator 320, as generated by a feedback 
circuit controlled by a temperature sensor 330. 

System 300 includes a feedback circuit comprising a resistor 332 
coupling a processor power supply voltage 302 to a temperature signal 331, 
which is in turn, coupled to the regulator 320 and to ground 110 via the 
temperature sensor 330. In this configuration, the temperature sensor 330 
controls the feedback circuit to generate the temperature signal 331. In this 
embodiment, the temperature sensor 330 comprises a negative temperature 
coefficient resistor (e.g., thermistor). Alternatively, other temperature 
sensitive circuit elements could be used to implement the temperature sensor 
330, such as, for example, other types of temperature sensitive resistors, 
thermal diodes, thermocouples, and the like. The power 302 is adjusted to 
maintain a stable level of crosstalk, jitter, noise, and the like, as the 
temperature conditions of the processor 303 change. Additionally, Figure 3 
shows the processor 303 having a plurality of inputs coupled to receive the 
power supply voltage 302. Similarly, processor 303 is shown having a plurality 
of connections to the ground 110. 

Figures 4A, 4B, 4C, and 4D show a plurality of different exemplary 
system configurations in accordance with embodiments of the present 
invention. Referring to Figure 4A, a system 410 embodiment is shown wherein 
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a regulator 411, temperature sensor 412, and processor 415 are mounted on a 
common print circuit board (PCB). In this embodiment, the temperature 
sensor 412 senses the temperature of the processor 415 as mounted on the 
common PCB. 

Referring to Figure 4B, a system 420 embodiment is shown where a 
temperature sensor 422 is mounted directly onto a processor 425. In this 
embodiment, the temperature sensor 422 can be mounted directly on the 
packaging of the processor 425, or, for example, mounted on or within a heat 
sink coupled to processor 425. Alternatively, the temperature sensor 422 can 
be integrated directly within the die of processor 425 in order to more directly 
sense the temperature. In this embodiment, the regulator 421 remains on the 
PCB. 

Referring to Figure 4C, a system 430 embodiment is shown where a 
temperature sensor 432 is mounted on a processor 435 within a common 
enclosure. The common enclosure also includes the regulator 431. As with 
system 420, the temperature sensor 432 of system 430 can be coupled to the 
processor 435 in a number of different ways (e.g., mounted on the processor 
packaging, heat sink, integrated directly within the processor die, and the like). 

Referring to Figure 4D, a system 440 embodiment is shown where both 
a regulator 441 and a temperature sensor 442 are mounted on a processor. As 
with system 420 and system 430, the temperature sensor 442 and regulator 
441 can be mounted directly on the packaging of the processor, or, for example, 
mounted on or within a heat sink coupled to processor. Alternatively, both the 
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temperature sensor 442 and the regulator 441 can be integrated directly 
within the die of processor. 



Figures 5 A, 5B, and 5C show respective graphs of the rising edges of a 
signal of a processor (e.g., processor 103 of Figure 1) in accordance with one 
embodiment of the present invention. Figure 5A shows a case where the 
processor power supply voltage (e.g., pwr 102 of Figure 1) is controlled to a low 
state, as would occur when the semiconductor material of the processor is cold 
(e.g., at initial power up). As known by those skilled in the art, the ramp rate of 
a typical signal (e.g., a clock signal) is a function of power supply voltage and 
temperature, as shown by the relationship dV/dt = f(Vdd, T), where dV/dt is the 
rate of change of voltage of the signal with respect to time, Vdd is the processor 
power supply voltage, and T is temperature. As shown in Figure 5A, the rising 
edge of the signal ramps at a moderate rate and has a relatively low amount of 
jitter, crosstalk, etc. For comparison, Figure 5B shows a case where the 
temperature of the semiconductor material comprising the processor is cold 
and the processor power supply throttling function is turned off (e.g., processor 
power supply voltage is set to a static high level). In this case, since the 
functionality the present invention is turned off, a significant amount of jitter is 
evidenced in the rising edge of the signal. The ramping of the rising edge is very 
rapid, causing a significant amount of current to flow. The large currents 
cause a significant amount of ringing, crosstalk, etc. 

Figure 5C shows a case where the temperature of the semiconductor 
material comprising the processor is hot (e.g., after a number of hours of 
steady-state operation). In this case, the processor power supply voltage is 
controlled to a high level to counteract the "slowness" of the hot semiconductor 
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material. As shown in Figure 5C, the rising edge of the signal ramps smoothly. 
The embodiments of the present invention function by implementing a smooth 
transition from an initial state, as shown in Figure 5A, to a continuous, main 
operating state, as shown in Figure 5C. The thermal transient from a cold 
5 state to a hot state is managed by embodiments of the present invention to 
prevent jitter, crosstalk, noise, and the like. 

Figure 6 shows a flow chart of the steps of a process 600 in accordance 
with one embodiment of the present invention. As depicted in Figure 6, process 
10 600 shows the operating steps of a system (e.g., system 100 Figure 1) for 

regulating an amount of crosstalk of an electronic device (e.g., processor 103 of 
Figure 1). 

Process 600 begins in step 601, where an electronic device is operated 
15 over a variable temperature range. In step 602, an ambient temperature 
adjacent to electronic device is detected. As described above, a temperature 
sensor (e.g., temperature sensor 130) or other temperature sensitive device is 
used to sense the temperature of the electronic device. In this case, the 
temperature of the electronic device is sensed by sensing the ambient 
20 temperature adjacent to the electronic device (e.g., within a common enclosure, 
on a common PCB, or the like). In step 603, a power supply voltage is set in 
accordance with the sensed ambient temperature. 

In steps 604 and 605, dynamic adjustment continues, where, in 
25 response to to sensing the ambient temperature, power supply voltage is 
increased if said ambient temperature increases decreased if ambient 
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temperature decreases. As described above, the dynamic adjustment is 
performed to regulate crosstalk of the electronic device. 

Thus, embodiments of the present invention provid a method and 
system for dynamically controlling power supply voltage coupled to an 
integrated circuit in response to changing temperature of the integrated circuit. 
Embodiments of the present invention maintain a stable level of crosstalk, 
jitter, noise, and the like, across a temperature range, thereby enabling an 
optimum balance of design factors such as increased component density, 
increased clock speed, and increased heat dissipation to obtain maximum 
performance. Embodiments of the present invention reduce the performance 
limiting effects of crosstalk, jitter, and noise caused by changing temperature. 

The foregoing descriptions of specific embodiments of the present 
invention have been presented for purposes of illustration and description. 
They are not intended to be exhaustive or to limit the invention to the precise 
forms disclosed, and obviously many modifications and variations are possible 
in light of the above teaching. The embodiments were chosen and described in 
order to best explain the principles of the invention and its practical 
application, to thereby enable others skilled in the art to best utilize the 
invention and various embodiments with various modifications as are suited to 
the particular use contemplated. It is intended that the scope of the invention 
be defined by the claims appended hereto and their equivalents. 
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